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MODELING CONFORMATIONAL PREFERENCES OF SHORT 
POLYPEPTIDE CHAINS AND THEIR INTERACTIONS WITH METAL 
OXIDE SURFACES 
SUMMARY 
Inorganic surface-specific polypeptides could be an essential tool for biotechnology as 
binding agents, or molecular erectors sets, for synthesis and self-assembly of materials. 
Random peptide libraries are used to find specific sequences that strongly bind to an 
inorganic material of technological interest. Using phage and cell surface display 
techniques, these randomly generated peptide libraries are screened for binding activity  
to inorganic surfaces rapidly and practically.  Both of the techniques have been used to 
identify peptides recognizing oxide semiconductors, insulators, and noble metals. In our 
studies, we use a generic term Genetically Engineered Polypeptide for  Inorganics 
(GEPI). Therefore, GEPI defines either the native sequence of amino acids that 
specifically and selectively binds to an inorganic surface which is then genetically 
engineered to tailor its binding properties. Specificity of GEPI  is most likely to originate 
from its recognition of the inorganic surface based on its own molecular structure.  The 
knowledge of molecular architecture, therefore, is essential not only for fundamental 
understanding molecular recognition process but also for its practical utility. A GEPI 
selected via display technologies could only be useful if its binding and conformational 
characteristics are known.  
In this study, we tried to observe the binding characteristic of septapeptides to the 
alumina surfaces using the molecular mechanics as a preliminary computational 
approach. Therefore, conformational analysis of septapeptides was performed and then 
three of the most stable conformers geometrically optimized on particular alumina 
surface using the CHARMM 22 molecular mechanics force field. Finally, binding 
structures of peptides on the surface were obtained and binding energies were calculated. 
Binding structures of peptides on alumina were observed as polypod structures. Some of 
the amino acids were responsible of binding as a pod. Pods number was higher in strong 
binding peptides; also their pods completely lied down on surface and interacted with 
surface with more atoms. Although the polar and charged groups were assumed to be 
responsible for surface binding, we observed that even if the peptide has potentially 
binding amino acids (charged and polar), they can not be efficient enough to bind 
peptide to the surface in whole structure of the peptide. The overall binding not only 
depends on the presence of these groups but also structural complementarities among all 
amino acids and inorganic surface topology, so the size and the shape of the non-polar 
amino acids affect the strength of the binding. 
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KISA POLİPEPTİD ZİNCİRLERİNİN KONFORMASYONEL 
TERCİHLERİNİN VE METALOKSİT YÜZEYLERLE OLAN 
ETKİLEŞİMLERİNİN MODELLENMESİ 
ÖZET 
Anorganik yüzeylere spesifik bağlanan peptidler, malzemelerin sentezinde ve 
kendiliğinden oluşumunda gerekli bağlayıcı ajan olarak kullanılabilme potansiyelleriyle 
nanobiyoteknoloji için önemli araçlardır. Peptid kütüphaneleri kullanılarak, teknolojik 
olarak önemli malzemelere spesifik olarak güçlü bağlanan peptidler 
belirlenebilmektedir. Faj ve hücre yüzey gösterim teknikleriyle taranarak kütüphanedeki 
peptidlerin bağlanma aktiviteleri tespit edilir. Her iki yöntem de metal, metal oksitler ve 
yarı iletkenlere bağlanan peptidler için kullanılabilmektedir. Bu çalışmada, bu peptidler 
anorganikler için genetik mühendisliği uygulanmış polipeptidler (GEPI) olarak 
adlandırılmışlardır. Bu isim, spesifik ve seçici olarak bir anorganik yüzeye bağlanan 
amino asit dizisinin, bağlanma özelliğinin genetik mühendisliği yoluyla ortaya 
çıkarıldığını tanımlamaktadır. GEPI’lerin spesifiklikleri, moleküler yapılarına bağlı olan 
tanıma özelliklerinden kaynaklanmaktadır. Molekülün üç boyutlu yapısına ait veriler, 
sadece molekülün tanıma mekanizmasının aydınlatılmasında değil aynı zamanda bu 
peptidlerin kullanımı için de  büyük önem taşımaktadır. Yüzey gösterim teknikleriyle 
seçilmiş olan GEPI’lerin kullanılabilmesi, peptidlerin yüzey üzerindeki üç boyutlu 
yapısının ve peptidle yüzey arasındaki bağlanma mekanizmasının açıklanmasına 
bağlıdır.  
Doğada var olan ya da yapay olarak oluşturulmuş anorganik-peptid sistemlerindeki 
ilişki, deneysel ya da hesapsal olarak tam anlamıyla açıklanabilmiş değildir. Bu 
çalışmada, aluminyum oksit yüzeylerine güçlü ve zayıf bağlandığı yüzey gösterim 
metodlarıyla tespit edilmiş olan peptidlerin,  moleküler modelleme (moleküler mekanik) 
yoluyla bu yüzeylere bağlandıkları andaki üç boyutlu yapıları oluşturulmuştur. Bunun 
için öncelikle CHARMM 22 force field’ı kullanılarak peptidlerin konformasyonel 
analizleri yapılmış ve elde edilen en kararlı üç konformer, istenilen yüzeyler üzerinde 
optimize edilmiştir. Bunun sonucunda da peptidlerin yüzeye bağlanma yapıları ve 
bağlanma enerjjileri elde edilmiştir. Seçilen bütün peptidler yüzeye polipod yapı denilen 
çok kollu bir yapıyla bağlanmıştır. Güçlü bağlanan dizilerde pod sayısının daha fazla 
olduğu ve yine bu dizilerde podların yüzey üzerine tamamen yayılarak çok daha fazla 
sayıda atomla yüzeye bağlandığı görülmüştür. Peptidin yüzeye güçlü bağlanmasında 
polar ve yüklü aminoasitlerin önemli olabileceği düşünülmekle birlikte sadece bu 
grupların olmasının yeterli olmayabileceği saptanmıştır. Bu hesapsal çalışma polar ve 
yüklü aminoasitlere sahip peptidlerin her zaman güçlü bağlanamayabileceği sonucunu 
ortaya çıkarmıştır. Yüzey ve peptid arasındaki birbirini tamamlayıcı üç boyutlu yapıyı 
oluşturmak için boyut ve esneklik olarak da uygun olan polar-olmayan amino asitlerin 
de peptid yapısı içinde uygun pozisyonda bulunmaları gerektiği gözlemlenmiştir. 
                          
 
  
 
 
 
1. INTRODUCTION 
Many single-celled and multicellular organisms produce inorganic materials for support, 
physical functions, and nutrition (Sarikaya 1999, Lichtenegger et al. 2002). Bones, teeth, 
shells, and spicules, hard tissues in multicellular organisms are biocomposites that are 
synthesized from both organic and inorganic substances (Sarikaya 1999, Taton 2001). 
Presence of inorganic materials within organism interests both physical and biological 
sciences because of mechanical properties, functional characteristics of biocomposites and 
importance in physiology, diversity and evolution (Sarikaya 1999).  
In biological systems, organic molecules (proteins, lipids and polysaccarides) control the 
nucleation and structure of inorganic materials from nano to macro scales (Sarikaya 
1999, Sarikaya et al. 2003, Whaley et al. 2000, Stupp 1997). 
Potential uses of biocomposites in technology increase the interest to understand the 
synthesis mechanism of biocomposites in both single-celled and multicellular organisms 
(Sarikaya 1999, Mirkin et al. 2002). The use of biological principles in materials formation 
is an emerging field, named biomimetics (Sarikaya 1999). Biomimetics is the gaining 
inspiration from nature (biological structure and function) to develop new materials and 
systems repeating biosystems in synthetic environment (Sarikaya et al. 2003). 
Combination of molecular mechanisms in nature and nanoscale constracts generates a 
hybrid methodology, molecular biomimetics (Sarikaya et al. 2003).  
Mechanical properties of a material are directly correlated to the nanoscale structure that 
could lead to novel engineering system with highly useful characteristics (Sarikaya 
1999, Sarikaya et al. 2003). Traditional synthesis of nanoscale materials is energy 
inefficient, requires high temperature, pressure and pH and also produces toxic 
substances. Therefore, new techniques should be developed to control structural 
properties and ordered assemblies of materials. On the other hand, organisms 
  
 
synthesized biomaterials that have desired nanoscale properties as a material. Also, 
biological assembly reactions take place under mild conditions under the control of 
biomacromolecules (Sarikaya 1999). Especially proteins are essential macromolecules 
for organisms in terms of tissue formation, biological function and physical 
performance. Proteins both collect and transport raw materials and self – and co 
assemble subunits into nuclei and substrates (Sarikaya et al. 2003). Although mechanism 
of inorganic material formation has not been understood exactly, the roles of proteins are 
thought to be essential as templating or enzymatic (Sarikaya 1999). Therefore, inorganic 
surface specific proteins could be of great utility as templating and/or enzymatic agents 
for controlled materials assembly either in vivo or in vitro (Sarikaya 1999). Mimicking 
the nucleation control mechanism of biologic systems, new self-assembly methods can 
be developed utilizing proteins as molecular tools in material engineering to produce 
novel materials and systems (Sarikaya 1999, Gray 2004, Zhang et al.  2002). 
There are several methods to obtain inorganic specific peptides such as extraction from 
hard tissues and use of a known protein that binds to inorganic surface but a more 
practical approach to obtain surface specific proteins is to apply combinatorial biology 
methods utilizing molecular peptide libraries generated via genetic engineering 
techniques (Sarikaya 1999). These methods based on the principle of directed evolution 
of peptides that bind selectively to functional inorganic materials (Sarikaya et al. 2004, 
Taton 2002). 
In selection of peptides, molecular libraries generated by combinatorial chemistry and 
biology methods, are used. In combinatorial chemistry method random peptides are 
generated by synthetic methods, whereas combinatorial biology libraries uses genetic 
engineering approaches. Here, random peptides are displayed on the surface of a host 
organism such as phage or cell, and then they are interacted with the desired substrate to 
select the specific peptides having affinity for these materials (Smith 1985, Wittrup 
2001) 
Among different display methods, phage display is the most commonly used and an 
effective biotechnological tool to select specific peptides based on their binding 
properties. This technique can be used to identify interaction of peptides with many 
  
 
other molecules (Benhar 2001).  Phage display method is based on synthesis of the 
antibody containing proteins on the surface of phage. Desired peptide encoded DNA 
sequence is inserted into coat protein of phage so desired protein is displayed on the 
surface of the phage as a fusion product of the phage coat proteins (Ellman et al. 1997, 
Smith 1985). Several biological vehicles can be used for phage display. They are 
responsible for carrying random peptide, gene fragment cDNA and antibody libraries on 
their genome. λ, T4, T7 and M13 phage are used for phage display technology. The 
bacteriophage M13 is the first and the best characterized library display vector (Willats 
2002). gp3 and and gp8 coat proteins of M13 are appropriate to construct phage display 
library (Lee et al. 2003, Sidhu 2001).   
Phage display libraries are generated by inserting of random DNA sequences with in 
coat protein of the phage. Length and the insertion site of the insert vary in the different 
libraries. 5-38 amino acid long peptides can be used to contract phage display library. 
Longer inserts can be decrease the display efficiency and phage viability (Lee et al. 
2003). 
Figure 1.1 illustrates phage display and cell surface display techniques in which random 
sequences are inserted in coat protein gene of phage or cell surface protein gene of 
bacterium. After the synthesis, surface proteins also contain random polypeptide 
sequences. Each cell or phage produces and displays a different peptide.  Then, all of 
them are interacted with a certain inorganic surface. Then it is affinity based selection 
system where, non-binder is eliminated during the washing steps and the strong bound 
phages and cells are allowed to reproduce. At the end, their genetic materials are isolated 
and amino acid sequences of random peptides that are specific binder are obtained, 
which are called genetically engineered polypeptides for inorganics (GEPI) (Sarikaya et 
al. 2003). 
 Using the combinatorial techniques, many of the genetically engineered polypeptides 
have been obtained for several metal and metal-oxide surfaces (Sarikaya et al. 2003, 
Whaley et al. 2000, Brown 1997). 
  
 
 
Figure 1.1 Phage display and cell-surface display. Principles of the protocols used for 
selecting polypeptide sequences that have binding affinity to given inorganic substrates 
(Sarikaya et al. 2003). 
According to Sarikaya et al. (2003), serine and threonine are important for binding to 
noble metals. Certainly a different binding mechanism compared thiol linkage exist 
which is a well known linkage for metal surfaces, since strong binders do not have 
cysteine. Aromatic side chain containing amino acids were rarely observed and all of 
them had a hydroxyl or amine functional group. Noble binders are formed from 
hydrophobic and hydroxyl containing polar amino acids. On the other hand, basic amino 
acids (arginine and lysine) and hydroxyl containing residues are present both metal 
oxides and zeolites binders. Semiconductor binders contain polar uncharged amino 
acids. 
Whaley et al. (2000) found that stronger binders of GaAs(100) surface  have more 
uncharged polar groups and Lewis-base functional groups. They suggest that 
interactions between Lewis bases on the peptides and Lewis-acid sites on the GaAs 
  
 
surface may mediate the selective binding. GaAs binding sequences also contain serine 
and threonine rich regions in addition to the presence of amine Lewis bases, such as 
asparagine and glutamine. Comparison between different materials and surfaces results 
that the basis of the selective binding, whether it is chemical, structural or electronic is 
still unknown. In addition, the presence of native oxide on the substrate surface could 
alter the selectivity of peptide binding. There may be many factors involved in substrate 
recognition, including atom size, charge, polarity and crystal structure. 
Biomolecules-inorganics recognition mechanism is not well known and the each peptide 
need to be carefully characterized for their binding functionality such as affinity, 
specificity before they can be implemented as robust tools in assembly of inorganics for 
nano or bionanotechnology based applications (Sarikaya et al. 2004, Lichtenegger et al. 
2002 , Gray 2004, Ören et al. 2005).  The type of interactions between inorganic-organic 
interface is important. Non-covalent interactions and structural complementarities 
between the inorganic surface and peptides are essential features of self-assembly (Mann 
1998, Zhang et al. 2002). Self-assembly can be defined as the spontaneous organization 
of individual components into an ordered structure without human intervention. It is 
generally known that the structures that have both hydrophobic and hydrophilic parts 
will self-assemble in aqueous solution as a result of non-polar region drives away from 
water. The amphiphilic peptides are observed in nature and also combination with 
hydrophilic and alkyl group is designed to be used in biominerilization. These 
assemblies depend on geometry of polar and non-polar groups and shape of the each 
molecule. The key elements of molecular self-assembly are complementarities in shape 
among the individual component and weak, non-covalent interactions that include 
hydrogen bonds, ionic bonds, water mediated hydrogen bond, hydrophobic and van der 
Waals interaction. Although each of these forces is rather weak, their collective 
interactions can form very stable structures (Zhang et al. 2002).     
During nucleation, because the chemical bonding at the surface of mineral nuclei is 
primarily ionic, the organic interface must contain areas of high local charge where 
electrostatic, dipolar, and hydrogen bonding can take place. If these forces provide 
molecular recognition between the stereochemical requirements of ions in the nucleus 
surface and charged groups at the macromolecular interface, then both the structure and 
  
 
orientation of the mineral deposit can be precisely determined. Two features of the 
organic matrix are essential to generate this crystallographic specificity: an existing 
organization of matrix and molecular complementarity between the inorganic ions and 
local binding sites on the matrix. For the desired nucleation, the organic matrix must be 
organized at both microscopic and molecular level before molecular deposition starts. 
Complementarities at the inorganic organic interface is both electronic and steric; thus 
the matrix nucleation centers can be considered analogous to receptor sites in enzymes, 
genes, antibodies and the nucleation ion-clusters analogous to enzyme substrates, 
cofactors and antigen (Mann 1998). Specificity of peptides in assembly can be 
resembled that enzyme-substrate interaction or protein-protein, protein membrane 
association (Mann 1998, Weiner et al. 2002). 
Like biominerilization in nature, the specificity of a protein for a surface may originate 
from both chemical (hydrogen bonding polarity and charge effect) and structural (size 
and morphology) recognition mechanism (Sarikaya et al. 2004). Both experimental 
(Castells et al. 2002) and modelling (Braun et al. 2002) results show that surface 
characteristics are important for stronger binding.  Ideally, one would predict the surface 
topology of the desired inorganic crystal face and design the complementary molecule 
that could fit tightly with high binding energy (Sarikaya 1999). 
Using binding properties of proteins, novel and hybrid materials can be generated. 
Unique properties of these hybrid materials make them attractive for use in field of 
biodiagnostics and molecule based electronics. Biologically driven and programmed 
assembly of components may be used by the semiconductors or optoelectronic industries 
(Mirkin et al. 2002). Self-assembly and molecular-recognition properties of 
combinatorially selected polypeptides provide potential future applications of GEPI. 
Self-assembled GEPI monolayers could be used for designing and engineering novel 
surfaces for therapeutic devices such as biocompatible implants.  A GEPI could be also 
used to form amphiphilic systems for biominerilization. DNA or proteins could be fused 
to GEPIs to create functional molecular substrates. GEPI could also be used in hard 
tissue engineering, microarrays for genomics and pharmogenetics and proteomics 
(Sarikaya et al. 2003). 
  
 
Although protein-surface interactions are very important for several application areas, 
many parameters about these interactions such as bond formation, lateral diffusion, 
conformational and orientational rearrangements of adsorbed proteins are still limited. 
Conformational structure should shed light to understand the properties and function of 
an adsorbed protein. The influence of binding on protein conformation depends on the 
properties of sorbent material, the solution, the structural characteristics of protein, and 
the degree of surface filling (Castells et al. 2002). Modelling studies also show that 
topology of surface determine the conformation of protein that is bound to surface 
(Castells et al. 2002, Braun et al. 2002, Brown et al. 2002). 
To model the adsorption of proteins on the inorganic surface several computational 
approaches have been tried to be developed (Castells et al. 2002, Sheng et al. 2002). 
Colloidal-scale models represent the protein as a particle and can predict the adsorption 
kinetics and isoterms. These approaches calculate the electrostatics and van der Waals 
interactions between the adsorbed colloid particle and the surface (Gray 2004).  
Gold binding peptide is one of the first noble metal binders which are well studied in our 
group (Sarikaya et al. 2004). The molecular modelling studies provided some sight into 
the mechanism of recognition (Braun et al. 2002). The model of gold binding peptide 
shows that peptide contact to (111) Au surface through polar side chains of threonine 
and serine giving a high affinity, whereas same peptide binds to (112) Au surface 
weaker. There might be several reasons for this, but possibly, the interaction of side 
chains of the aminoacids with the atoms on the surface are at the right orientation in 
(111) compared to (112) Au surface, and also water molecule may act differently on the 
each crystallographic surface.(Braun et al. 2002, Sarikaya et al. 2003). 
In our group, a procedure was recently developed to explore detailed atomic 
representation of proteins to understand the nature of inorganic surface recognition of 
genetically engineered septapeptides (Ören et al. 2005). The molecular mechanics 
method was used in this approach to determine conformational changes and binding 
energies of the septapeptides. They chose three groups of phage display selected 
platinum binding septapeptides as strong, moderate and weak binders according to their 
  
 
binding affinity to a certain surface, and analysed binding characteristics of these 
peptides on the crystallographic platinum surface. 
They found that the septapeptides conform into certain molecular architectures 
containing multiple protrusions that spatially match with the crystallographic metal 
surface so each septapeptide has different affinity to a certain crystallographic surface 
that confirmed experimental results. Recognition between peptide and surface may 
depend on complementarities between peptide and surface via polypods that are formed 
by reactive groups. The binding affinity changes according to the types of these reactive 
groups and distance between charged or polar groups and the surface. Polar groups at 
contact points may have crucial role, the more polar amino acid containing sequences at 
pods bind tighter. Oxygen and nitrogen atoms on the polypods might increase binding 
affinity. They found that peptides that have more oxygen and nitrogen atoms on their 
contact point have more binding energy. Ören et al. also observed that glycine presents 
on the pods of the strong binders whereas proline was seen on the pods among the 
weaker binders. 
As a result of this study, there is no direct homology among the same group of amino 
acid sequences however the conserved polypod structure among peptides may ensure 
binding of peptide to a certain crystallographic surface. 
  
 
2. THEORY 
 
2.1 CONFORMATIONAL ANALYSIS 
The physical, chemical and biological functions of a molecule depend upon the position 
of atoms in the three dimensional structures, or conformations (Leach 2001). The aim of 
the conformational analysis is to determine conformational characteristics of the 
molecule, and the relationship between conformational flexibility and its function 
(Leach 2001, Becker 2001). Therefore, conformational analysis is essential for many 
computational projects ranging from drug design to the molecular dynamics simulations 
and protein folding (Becker 2001).  
The conformations of a molecule are the different arrangements of atoms in the three 
dimensional structure as a result of rotation about single bonds (Leach 2001, Höltje et al. 
2003). During the transformation from one conformation to another, small changes of 
bond lengths and angles occur, so energy of the molecule increases or decreases (Leach 
2001, Höltje et al. 2003). These changes in molecular conformation and energy can be 
illustrated as movements on a multi-dimensional surface that are related to potential 
energy and geometry (Leach 2001, Höltje et al. 2003). Each point on the potential 
energy surface is the response of the single conformation (Höltje et al. 2003). Stable 
conformer of a molecule is present at the local minima of the potential energy surface. 
There can be several local minima on potential energy surface for a molecule, the local 
minimum structure that has the lowest energy is called global minimum (Leach 2001, 
Becker 2001, Höltje et al. 2003, Comba et al. 1995). 
A key component of a conformational analysis is the conformational search that is used 
to identify the preferred conformations of a molecule for a particular behaviour (Leach 
2001). These conformations are usually at minimum points on the energy surface
  
conformational analysis (Leach 2001, Becker 2001, Höltje et al.  2003). An important 
feature of methods for performing energy minimization is that they move to the 
minimum point that is closest to the starting structure. If possible, it is desirable to 
identify all minimum energy conformations on the energy surface. However, for some 
molecules such as proteins there are so many minima on the energy surface that it is 
impractical to try to find all of them. Under such circumstance, it is assumed that the 
native conformation has the lowest energy of the all conformations (global minimum 
energy conformation), although it may not be the active structure (Leach 2001, Höltje et 
al. 2003). 
2.1.1 Conformational Search 
Conformational search is scanning of a potential energy surface. It can be divided into 
the following categories: systematic search algorithm, random approaches, distance 
geometry and molecular dynamics (Leach 2001, Comba et al. 1995). 
2.1.1.1 Systematic search 
Systematic sampling is the most thorough method for searching molecular 
conformational space. A systematic search scans the conformational space by making 
regular and predictable changes to the conformation. All bonds in the molecule are 
selected; the bond length and angles are fixed. Each of these bonds is rotated 360˚ by 
using a fixed increment. Generated conformations are minimised to derive the local 
minimum energy conformations. The search continues until all possible conformations 
of torsion angles have been used for energy calculation and minimization (Leach 2001, 
Höltje et al. 2003). 
The systematic sampling generates several problems for biomolecular systems. A major 
problem associated with systematic searching is that the number of conformations 
generated rapidly becomes extremely large even for small molecules (Leach 2001, 
Becker 2001). If n is the number of bonds, the number of structures generated is given 
by (Leach 2001, Becker 2001, Höltje et al. 2003): 
Number of conformations  =  (360/torsion increment)n                                               (2.1)  
  
Another problem arises from the fact that a systematic search is likely to generate a large 
number of unphysical conformations, in which one part of the molecule crosses over 
another part (Becker 2001). As a result of these limitations, systematic search is applied 
only to small molecules such as small peptides (Becker 2001). 
Cyclic molecules are quite difficult to analyse using systematic search. The usual 
strategy is to break the ring molecule that can then be treated as a normal acyclic 
molecule (Leach 2001). 
2.1.1.2 Random search method 
This method is completely different from other methods. An optimized structure is used 
for initiation search. A random search assigns random torsion angles or Cartesian 
coordinates to move from one point of the energy surface to the unconnected one. The 
obtained conformation is minimized using molecular mechanics and the random 
assignment is repeated (Leach 2001, Höltje et al 2003). The minimized structure is 
compared with previous structure. If it has not been found, it is stored. Until new 
conformations can not be found, search procedure goes on (Leach 2001, Becker 2001, 
Höltje et al. 2003). 
The advantage of random search method is that molecule size is not restriction factor. 
Different size of molecules can be scanned successfully. As an another advantage, 
Monte Carlo search methods contain energy surface scanning of cyclic system whereas 
systematic search is insufficient for ring systems (Leach 2001, Becker 2001). 
2.1.1.3 Distance geometry 
Distance geometry is a general method for building conformational models of complex 
molecular systems based on the distance between all pairs of atoms. This geometric 
technique generates structures using given set of constraints without requiring a starting 
conformation or an energy function (Leach 2001, Becker 2001). Distance geometry 
searches conformational space by randomly generating many distance matrices which 
are converted into conformations in Cartesian space. Distance geometry is very useful in 
situations in which many distance constraints are known but limitation of known 
constraints makes this method inappropriate for conformational searching method. 
  
Computationally, distance geometry is limited to moderately sized systems because it 
requires computationally expensive matrix manipulation (Leach 2001, Becker 2001). 
2.1.1.4 Molecular dynamics simulation 
Molecular dynamic simulation is used for scanning the conformational space to 
overcome disadvantages of other search methods. In molecular dynamic simulation 
method, additional kinetic energy (high temperature) enhances scanning ability of 
method and facilitates overcoming energy barriers between different conformations. 
Therefore, it can prevent the molecule from getting stuck in a localized region of 
conformational space (Leach 2001, Becker 2001). 
Simulation methods are different from the others. The aim of conformational search is to 
find local minimum structures of molecule, whereas molecular dynamics or Monte Carlo 
simulations generate an ensemble of states that includes structures not at energy minima 
(Leach 2001, Becker 2001, Höltje et al. 2003). 
2.1.2 Minimization 
The structures generated by the search methods can correspond to transient 
conformations. Before further analysis, these conformations should be brought to stable 
conformations as an initial structure. Minimization algorithm is used to generate local or 
global minimum structures. Minima are located using numerical methods which 
gradually change the coordinates to generate conformers with lower and lower energies 
until the minimum is reached (Leach 2001, Becker 2001). However, the minimized 
structure will not stay far from the initial conformation. This is why the minimization 
process is considered an optimization technique and not a search method. Because these 
procedures are downhill methods that are unable to cross energy barriers, they end up in 
local minima close to the point from which the minimization process started. It is very 
rare that a direct minimization method will find the global minimum of the function 
(Leach 2001, Becker 2001, Höltje et al. 2003). 
Derivatives can be very useful in energy minimization (Leach 2001, Lewars et al.  
2003). The goal of all minimization algorithms is to find a local minimum of a given 
  
function (Leach 2001, Becker 2001). At the minimum point, the first derivative of 
function is zero, indicates where the minimum lies, and the second derivatives that 
indicate the curvature or function are all positive (Leach 2001, Lewars et al.  2003): 
df/dx = 0                                                                                                                        (2.2) 
d2f/dx2>0                                                                                                                       (2.3) 
The derivative methods of minimization are classified according to the highest 
derivative used by the algorithm. The simplex method that uses only the value of the 
function and no derivative is called zeroth-order method. First order methods use the 
first derivatives and second order methods use both first and second derivatives of 
function (Leach 2001, Becker 2001). As in most computational techniques, higher order 
methods that use more information about the function are generally more accurate at the 
price of being computationally more expensive, taking more time and more resources 
than the lower order methods (Becker 2001).  
2.2 MOLECULAR MECHANICS 
Molecular mechanics calculations (empirical energy calculations) have the great utility 
in the study of the structure, dynamics and thermodynamics of proteins and other 
biological macromolecules (MacKerel et al. 1998). For biomolecular systems, 
computational speed is premium, and the use of more complex terms (higher-order 
expansions, cross terms, etc.), as employed for accurate modelling of smaller systems, is 
not practical (Schlick 2002).  Simplicity of the method makes possible simulations of 
thousand of atoms in a nanosecond range (MacKerel et al. 1998). 
Molecular mechanics is based on mathematical model of a molecule as a collection of 
balls (corresponding to atoms) held together by springs (corresponding to the bonds) 
(Lewars et al. 2003, Schlick 2002, Hinchliffe 1996). The energy changing of molecule 
originated from bonds and angles away from their equilibrium values as a result of 
stretching or bending of spring and pushing ball too closely together (Leach 2001, 
Lewars et al.  2003,Schlick 2002).  Molecular mechanics represents how the energy 
  
changes as resistance toward bond stretching, bond bending and atom crowding as an 
energy function (Leach 2001, Lewars et al. 2003). 
 The potential energy of e molecule can be written as: 
 E = Estretch + Ebend+ Etorsion+ Enon-bonded                                                                          (2.4) 
Total energy is energy contributions from bond stretching, angle bending, torsional 
rotation around single bonds and interactions between non-bonded atoms (Leach 2001, 
Becker 2001, Höltje et al. 2003, Lewars et al. 2003, Schlick 2002, Hinchliffe 1996). 
2.2.1 Bond Stretching 
Hooke’s law formula that describe the energy of stretched spring is used to describe 
bond stretching energy which is proportional to square of the displacement from the 
natural bond length l0: 
v(l)=k/2(l-l0)
2                                                                                                                                                                         (2.5) 
k is force constant that depends on the force between bonded atoms. l is the length of the 
stretched bond. 
The Hooke’s law function  represents the bottom (around minimum point) of the 
potential energy curve for a typical bond well, so this function is quite accurate for 
ground-state molecules but not away from equilibrium (Leach 2001, Lewars et al. 2003, 
Hinchliffe 1996). 
2.2.2 Angle Bending 
The deviation of angels between three atomic units of molecule from their natural values 
is described using Hook’s law similarly to bond stretching: 
v(l)=k/2(θ-θ0)2                                                                                                               (2.6) 
Force constant and natural value determines the effect of each angle on the energy. The 
force constants of angle bending is the smaller than that of bond stretching so the angle 
bending has less contribution on energy function (Leach 2001, Lewars et al.  2003). 
  
2.2.3 Torsional Terms 
The existence of barriers to rotation about single bonds is fundamental to understand the 
structural properties of molecules. Quantum mechanical calculations suggest that this 
barrier arise from antibonding interactions between the first and the forth atoms (Leach 
2001, Lewars et al. 2003, Schlick 2002).  So, force fields should also represent the 
energy differences when a single bond rotates. Most force field for organic molecules 
use torsional potentials with contribution from each bonded quartet of atoms. Torsional 
potentials expressed as a cosine series expansion. 
V(w)=Σ Vn/2[1+cos(nw-γ)]                                                                                          (2.7) 
w is the torsional angle. Vn gives qualitative indication of the relative barriers to 
rotation. n is the multiplicity that gives the minimum points in the function as the bond 
rotates  through 360°. γ determines where the torsion angle  passes through  its minimum 
value (Leach 2001, Lewars et al.   2003). 
2.2.4 Non-bonded Interaction 
The atoms that are separated by at least two atoms interact through non-bonded forces, 
which has crucial role to model the structure of the molecule. The non-bonded 
interactions in a force field are categorized as electrostatic interactions and van der 
Waals interactions (Leach 2001, Lewars et al. 2003). 
2.2.4.1 Electrostatic interactions 
In a molecule charge can be distributed unequally that cause the fractional point charges 
throughout the molecule. These charges generate the electrostatic properties of molecule 
which is calculated as a sum of interactions between pairs of point charges, using 
Coulomb’s law (Leach 2001): 
V=Σ Σqiqj/4πε0rij                                                                                                           (2.8) 
qi and qj are the partial charges on the atoms, r is the distance between charged atoms 
and ε0 is the local dielectric constant (Leach 2001).  
 
  
2.2.4.2 Van der Waals interaction 
A force field should represent interatomic potential curve accurately to model van der 
Waals interaction that is essential for molecular structure. Lennard-Jones 12-6 function 
is generally used for van der Waals interaction (Leach 2001, Lewars et al. 2003, 
Hinchliffe 1996) 
v(r)=4ε [(σ/r)12-(σ/r)6]                                                                                                  (2.9) 
r is the distance between the center of the non-bonded atoms, σ is collision diameter and 
ε is well depth in formula. The molecular distance between non-bonded atoms for 
minimum energy structure can be found from first derivative of function. It should be 
dv/dr=0 and the corresponding distance for minimum energy, rm=21/6σ. Lennard-Jones 
can be converted to (Leach 2001, Lewars 2003): 
v(r)= ε [(rm/r)12-2(rm/r)6]                                                                                             (2.10) 
v(r)=A/r12-C/r6                                                                                                            (2.11) 
r -6 and  r -12 containing terms represent the attractive and repulsive parts of the function, 
respectively. 
2.3 CHARMM 22 
The CHARMM computer program for macromolecular simulation, together with its 
empirical potential parameter sets, has been developed since the mid-1970s. It is a 
combination of different protein force fields, and as a result, the AMBER, OPLS, 
CHARMM and GROMOS empirical energy functions have a lot in common. The 
CHARMM22 parameter set, dating from 1992, is the result of a number of rounds of 
improvement (MacKerel et al. 1998). CHARMM 22 parameters have been developed 
for the protein molecules (MacKerel et al. 1998). It gives satisfactory results when 
compared with test data for several cyclic and acyclic proteins (MacKerel et al. 1998). 
The model consist of all atoms, including hydrogen explicitly, this is the important 
advantage over the previous CHARMM model that calculates non-polar hydrogens 
  
(MacKerel et al. 1998). Examples of atom types defined in CHARMM22 force field can 
be seen in Table 2.1 (Schlick 2002). 
  Table 2.1 Examples of atom types in CHARMM 22 (Schlick 2002) 
Atom Symbol Atom Modifier 
Carbon C 
CA 
CC 
CPT 
CP1,CP2,CP3 
CT1,CT2,CT3 
Polar (carbonyl,peptide backbone) 
Aromatic 
Carbonyl 
Inter ring in tryptophan 
Special tetrahedral in praline 
Aliphatic sp3 in CH,CH2,CH3 
Oxygen O 
OC 
OH1 
Carbonyl 
Carboxylate 
Hydroxyl 
Nitrogen N 
NH1 
NH2 
Praline 
Peptide 
Amide 
Hydrogen H 
HA 
HP 
HS 
Polar 
Non-polar 
Aromatic 
thiol 
 
The form of the potential energy function is used in CHARMM22 given by the 
following equation (MacKerel et al. 1998):  
The first term in the energy function accounts for the bond stretches where kb is the bond 
force constant and b-b0 is the distance from equilibrium that the atom has moved. The 
  
 
  
    
 
  
    
                                      (2.12) 
 
  
second term in the equation accounts for the bond angles where kθ is the angle force 
constant and θ-θ0 is the angle from equilibrium between three bonded atoms. The third 
term is for the dihedrals  where kФ is the dihedral force constant, n is the multiplicity of 
the function, Ф is the dihedral angle and δ is the phase shift. The fourth term accounts 
for the impropers , where kw is the force constant and w-w0 is the out of plane angle. The 
Urey-Bradley component (cross-term accounting for angle bending using 1,3 nonbonded 
interactions) comprises the fifth term, where ku is the respective force constant and U is 
the distance between the 1,3 atoms in the harmonic potential. Nonbonded interactions 
between pairs of atoms (i,j) are represented by the last two terms. By definition, the 
nonbonded forces are only applied to atom pairs separated by at least three bonds. The 
VDW energy is calculated with a standard 12-6 Lennard-Jones potential and the 
electrostatic energy with a Coulombic potential (MacKerel et al. 1998) (Figure 2.1). 
The parameters were determined by fitting an extended set of experimental and ab initio 
results.The parametrization is based on results for a wide variety of model compounds 
that represent the protein backbone and the individual side chains. Internal 
parametrization (bond length, bond angle, Urey-Bradley, dihedral and improper 
dihedral) terms are chosen to reproduce geometries from crystal structures, infrared and 
Raman spectroscopic data and ab initio calculations. Non-bonded interaction of 
parameters are chosen to fit 6-31G* ab initio interaction energies (MacKerel et al. 
1998). 
 
 
 
 
 
 
Figure 2.1 Bonded energy terms in CHARMM22 (Höltje et al. 2003) 
 
  
3. METHOD 
The aim of this study is determining the binding characteristics of septapeptides to the 
alumina surface using the molecular mechanics.  
Binding properties (weak, moderate or strong) of many random selected amino acid 
sequences had been determined by display techniques. Four amino acid sequences, two 
of them for (110) surface and the others for (001) surface, were selected from this data 
bank to model peptide-alumina surface interaction (Table 3.1). 
Table 3.1 Selected Septapeptides for Modelling 
 Sequence pI Charge 
AO13 TPLNPGT 5,19 0 
AO14 TLPLHTP 6,4 +1 
AO86 TPSTTRQ 9,41 +1 
AO345 SVTQNKY 8,31 +1 
As a result of display techniques, peptides are bound to phage or cell surface proteins so 
peptides are present in constrained form under experimental conditions. In order to 
mimic the experimental conditions, peptides should also be constrained in the 
computational model. Therefore, two cysteine amino acids were added to both ends of 
the septapeptides. Constrained structure of these sequences were generated by forming a 
S-S bond between two cysteines (Figure 3.1) 
The modeling procedure of these peptides can be thought as three parts: conformational 
analysis, alumina surface building and relaxation of peptides on surface.   
Conformational analysis of alumina surface specific septapeptides of 7 residues through 
modelling using the molecular mechanics (Hyperchem 7.5 2003). The molecular 
mechanics is appropriate to preliminary model of these short peptides in terms of  
accuracy and computational time.   
  
      
                                                   
                                                        
Figure 3.1 Constraind Structure Formation of Septapeptide 
3.1 Initial Structure 
To perform the conformational analysis, geometrically optimized structure should be 
obtained. Therefore, geometry optimization of sequences with CHARMM22 , and then 
single point calculation with the semi-empirical method,  were repeated respectively 
until the completion of optimization. At the end, a geometrically optimized structure 
which has a certain charge was obtained (Figure 3.2). 
 
Semi-Empirical: Compute  Single Point 
 
 
 
Molecular Mechanics: Compute  Geometry Optimization 
 
 
                                                                                                  YES    
        YES 
Check whether there is any conformational change 
                                                                            NO                   OK. STOP       NO  OK. STOP 
 
 
Figure 3.2 Initial Structure Optimization 
  
Using the geometry optimization the conformer that has minimum energy was obtained 
and using semi-empirical (ZINDO/1) single point calculation, charge of the molecule 
was kept constant. Geometry optimization of  the amino acid sequences was performed 
using Polak-Ribiere algorithm until the RMS gradient drops below 0.01 kcal / (Å x mol). 
3.2 Conformational Analysis 
To find the other conformers conformational analysis was done with CHARMM22  
using conformational search module with the following search options: ranges for 
variation 1 to 8 simultaneous variation, acyclic variation: ±60˚ to  ±180˚, torsion flexing: 
±30˚ to  ±120˚, search method usage directed. 
Hyperchem uses the random search method (Monte Carlo search is termed torsion 
flexing) to scan the potential energy surface (Hyperchem 7.5 2003, Kolossváry et 
al.1993) that is appropriate to search cyclic molecule (Kolossváry et al. 1993) such as 
constrained structures in this study. The generation of new starting conformations for the 
energy minimization uses random variation of torsion angles. HyperChem Search 
Module allows to find the lowest energy conformations of a molecule by varying the 
torsional angles that are specified (Hyperchem 7.5 2003).  
All possible conformers are determined using selected options. After the conformational 
search, to enable different binding alternatives, three of the lowest-energy conformers 
that has different non-bonded interactions and 3-D structure were selected (Figure 3.3) 
for energy minimization of peptide on the surface. As it can be seen in Figure 3.3 each 
of the conformer has hydrogen bonds between different atoms so these peptides could 
generate different binding characteristic with surface. 
                                               
E:124.90                             E:126.23                         E:126.24    
Figure 3.3  Selected Conformers  (O:Red, N:Blue, C:Cyan, H:White S:Yellow)                                                        
  
3.3 Alumina Surface 
Materials Studio Modeling Program was used to prepare the alumina surface (Accelrys 
MS Modeling 3.01 2003). Hexagonal alumina unit cell was obtained from Example file of 
Materials Studio® (Figure 3.4). 
 
                         
                      
Figure 3.4 a) Unit Cell of Al2O3   b) (110) plane of Al2O3  ( O:Red, Al:White) 
 
The hexagonal unit cell of alumina displayed and it  was cleaved at (110) plane using the 
cleave surface dialog box. The fractional depth of  (110) surface was increased to 2.806 
to reach  the non-bond cut-off distances of forcefield. 
The lattice parameters of surface were u: 4.759 v: 5.125 and the angle between unit cell 
vectors was 90.  
The energy of surface was minimized using molecular mechanics to relax the surface. 
The COMPASS forcefield was selected for the calculation to assign a forcefield type to 
each atom and then it was checked using forcefield type label.  
Only the top few layer of atoms in the surface interact with the peptide and the rest of 
the atoms to be part of the bulk. Therefore, while relaxing the surface, top two atomic 
layer were allowed to move and the rest of the layers were constrained. The bonds 
between aluminum and oxygen atoms were removed. 
  
Then, Discover Minimizer (smart minimization) was used for geometry optimization. 
The current surface area was very small compared with the peptide so this surface was 
replicated 5 times for both  x and y planes to create a supercell. The periodicity was 
changed from 2D to 3D. Alumina surface(110) was obtained (Figure 3.5).  
                 
Figure 3.5 Alumina Surface Obtained by Materials Studio Modelling Program 
( O:Red, Al:White) 
Obtained surface was exported as .ent and open in Hyperchem using same file type 
(Figure 3.6). 
                                          
                           
Figure 3.6 Alumina Surface seen in Hyperchem 7.5( O:Red, Al:White) 
 
 
 
 
 
  
3.4 Relaxation of Peptide on Alumina Surface 
Mass center of each conformer  was fixed with the respect to the symmetry center of 
alumina surface (Figure 3.7, Figure 3.8) and the initial distance the between peptide and 
surface is set to 5 Å (Figure 3.9).  
                           
A                                                                                    B 
Figure 3.7 Symmetry centers A (110) surface, B (001) surface ( O:Red, Al:White) 
                        
Figure 3.8 Fixation of the peptide on surface ( O:Red, Al:White Peptide:Green) 
5Å is selected as higher than summation of van der Waals radius carbon atom that is 
closest to surface and alumina atom on the surface, at the same time this distance gives 
the peptide rotation and movement flexibility during the interaction with surface.  
  
 
Figure 3.9 Peptide on surface (O:Red, N:Blue, C:Cyan, Al:White S:Yellow) 
Peptide was rotated around the x, y and z axis by the angle of 15 degree and 132 initial 
positions were tried for optimization of three conformers of one peptide.  
  
4. RESULTS AND DISCUSSION 
Four of the phage display selected alumina binding peptides were investigated for their 
optimum conformations as well as their possible interactions with the two different 
generated alumina surfaces (110) and (001). 
During the conformational search, different intermolecular interactions take place in 
septapeptides. These interactions are important for both the 3-D structure of the peptide 
and the binding properties to surface. We assume that interaction among amino acids in 
peptide and interaction between amino acids and surface are closely related. Knowledge 
of the conformers helps us to understand and to use peptide-surface systems. Therefore, 
determination of most stable and also other conformers of peptides was the initial step. 
Using the conformational search module of Hyperchem all possible conformations of the 
selected peptides were determined. Energies of the first twenty conformers of the 
sequences AO13, AO1 AO86 and AO345 are given in Table 4.1. Also, conformers that 
were selected for relaxation on alumina surface can be seen in Figure 4.1, Figure 4.2, 
Figure 4.3 and Figure 4.4, respectively. 
Changes even in single atom cause the energy differences between two conformers but it 
does not change the binding properties of the peptide, because during the relaxation both 
of these conformers may form the same 3-D structure on the surface. To increase the 
binding variety of peptides, conformers that have distinct 3-D structures were selected 
for relaxation on surface. We chose three different conformers according to their distinct    
3-D structure. Grey rows are energies of selected conformers of peptides in Table 4.1. 
It can be seen in Table 4.1 and Figure 4.1 that first three conformers of AO13 have 
different energies and different 3-D structures but they differ from each other with small 
changes. Therefore, conformers 6 and 7 that have different hydrogen bonding and side 
chain structures were preferred for next steps in addition to the most stable conformer. 
First three conformations (1, 2 and 3) of AO14 and AO86 have very identical 
  
geometrical properties so conformers 1, 4 and 5 were selected for relaxation step to see 
possible different type of interactions. 
Table 4.1 Energy of conformers for each peptide 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*  Energy values are given with 0,01 sensitivity.
 ENERGY (kcal/mol) 
AO13 AO14 AO86 AO345 
1 124.91 105.28 40.49 41.55 
2 125.45 105.36 40.64 41.83 
3 125.80 105.62 40.91 41.97 
4 125.90 105.94 41.60 42.37 
5 125.94 106.40 41.92 42.44 
6 126.23 109.05 41.94 42.49 
7 126.24 109.86 42.13 42.73 
8 126.32 110.98 42.31 42.78 
9 126.40 111.97 42.35 42.79 
10 126.54 112.43 42.49 43.09 
11 126.59 112.63 42.52 43.26 
12 126.85 113.17 42.64 43.35 
13 126.96 113.62 42.67 43.39 
14 127.09 114.21 42.68 43.43 
15 127.19 114.78 42.76 43.44 
16 127.25 116.36 42.86 43.63 
17 127.26 116.52 43.00 43.71 
18 127.26* 116.78 43.04 43.89 
19 127.30 117.23 43.19 44.03 
20 127.42 117,55 43.52 44.07 
  
 
Figure 4.1 Conformers of AO13 (O:Red, N:Blue, C:Cyan  H: White  S:Yellow) 
 
 
 
  
 
 
 
Figure 4.2 Conformers of AO14 (O:Red, N:Blue, C:Cyan  H: White  S:Yellow)
  
 
 
 
Figure 4.3 Conformers of AO86 (O:Red, N:Blue, C:Cyan  H: White  S:Yellow) 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure 4.4 Conformers of AO345 (O:Red, N:Blue, C:Cyan  H: White  S:Yellow) 
 
 
 
  
4.1 Alumina Surfaces 
Two different alumina surfaces were generated for this study: (110) and (001) 
surfaces. They are displayed in Figure 4.5 and Figure 4.6. 
 
 
                          a) Side view                                                       b) Front view 
Figure 4.5 (110) Surface of Alumina (Al: White O: Red) 
 
  
                         a) Side view                                                       b) Front view 
Figure 4.6 (001) Surface of Alumina (Al: White O: Red) 
 
(001) and (110) surfaces have different properties. As it can be seen in Figure 4.6, 
distance between two aluminium atoms on one line is almost equal, therefore one 
type of groove is present for this surface. Additionally, (001) surface groove is wider 
than (110) surface so there are more Al atoms on the (110) surface. Width of grooves 
are different in (110) surface, two different grooves are present on both front and side 
parts of the surface. We defined the place of atoms using grooves that is observed 
from the side of the (110) surface. We called them minor and major grooves 
according to their width. 
 
  
4.2 Relaxation on Surface 
Energy minimization and optimization of the peptide on the surface is referred as 
“relaxation”. Total energy of the optimized peptide-surface system was determined 
after allowing all possible interactions between the peptide and the surface without 
any constraints. The binding energies of the peptide-surface combinations were 
calculated for different positions of the conformers on the surface and the most stable 
system has been assumed as a binding structure. The binding energies are calculated 
by using the following formula: 
ΔEBinding = (Esurface+ Epeptide) – E Surface-Peptide                                                           (4.1) 
ΔEBinding represents the overall binding capacity of the peptide to the surface. 
Therefore, it is a better measure for classification of the strength of binding in 
peptide-inorganic surface systems. ΔEBinding value of the peptide can be utilized to 
compare the computed results with the available experimental data. Additionally, it is 
an indication of relative stabilities between the results for different conformers 
calculated at the same level. It is worth noting that in experimental studies the only 
observation that can be obtained is whether a certain peptide binds specifically to a 
particular crystallographic surface or not. Thus, it is not possible to measure the 
binding effect of individual atoms as well as the binding mechanism without the help 
of computational tools. 
The binding energies of the most stable peptide-surface configurations for four 
peptides are displayed in Table 4.2 for different alumina surfaces.  
Table 4.2  Peptide-Surface Binding Energies for Particular Crystallographic Surfaces 
and Their Specific Peptides 
 
 
 
 
 
 
Al2O3 
Crystallographic 
Surface  
Peptides                                       
ΔEBinding 
     ΔEBinding
     (kcal/mol) 
(110)        AO13 83 
AO14 72 
(001) AO86 30 
AO345 45 
  
For each crystallographic surface, two peptides have been chosen for investigation. 
As shown in Table 4.1, AO13 and AO345 were calculated as stronger binders 
compared to AO14 and AO86 respectively. Figure 4.7, Figure 4.8, Figure 4.9 and 
Figure 4.10 show the most stable peptide-surface structures. Compared to the initial 
peptide conformers, relaxation results conformational changes of peptides on the 
alumina surface. During reconformation, side chains of amino acids get closer or 
contact the surface so that the main chain structure completely changes.  The shape 
of the peptide on the surface resembles a polypod where each contacting amino acid 
forms a single pod. Similar polypod structures of specific Pt binding peptides (Ören 
et al. 2005) have also been observed between peptide-platinum surfaces. Polypod 
structure containing peptide-surface systems are formed for all peptides. They 
complement surface and ensure peptide binding to a certain surface.  
4.3. AO13 
AO13 is composed of threonine, proline, leucine, asparagine, proline, glycine and 
threonine. There are three polar and four non-polar amino acids in the sequence. At 
the end of the relaxation of AO13 on (110) surface of alumina, five of them 
(threonine, proline, leucine, asparagine and proline) are closer to the surface that are 
called binding amino acids. Binding amino acids form five-pod structure (Figure 4.7, 
Figure 4.11). Two of the five-pods are polar amino acids: threonine and asparagine 
that are assumed as the important groups for binding. These two amino acids have 
OH and NH2 groups respectively. The O atom of OH group is located between two 
Al atoms with distances of 4.04 Å and 4.02 Å. The N atom of NH2 is also located 
between two Al atoms at a distance of 3.83 Å and 3.88 Å. Both O and N atoms get 
into major groove of (110) surface. O atoms in carboxyl group of threonine and 
asparagine and O in side chain of asparagine are present on minor groove. Other non-
polar binding amino acids do not have any group to bind tightly. Prolines are the 
second and fifth pods of the peptide, they seem symmetric at both sides of the 
peptide as they are both located on the major groove. Both polar and non-polar 
binding amino acids lie down on the (110) surface of the alumina perfectly and 
almost all atoms of these amino acids interacted with the surface.  
 
 
  
4.4. AO14 
AO14 is formed from threonine, leucine, proline, leucine, histidine, threonine, 
proline (two polar, one (+) charged and four non-polar) and it has four binding amino 
acids: leucine, proline, histidine and threonine (Figure 4.8, Figure 4.11). NH groups 
of histidine and OH group of threonine may be important groups. Histidine side 
chain is located on the major groove, one of the N atoms gets in the groove and it is 
3.54 Å and 3.63 Å far from closest Al atoms, the other lies above an Al atom. Three 
groups of threonine are close to the surface. O atom of OH group of threonine also 
gets in major groove with 3.48 Å and 3.66 Å distances to two closest Al atoms.  
Leucine lies on the surface and its binding groups place themselves in the grooves 
whereas proline is almost perpendicular to the surface. The general view of the 
AO14-surface is in disorder. There are some binding amino acids but few of their 
atoms interact with the surface. The binding groups and their distances to the surface 
are given in Table 4.4.   
 
 
 
Figure 4.7 a) Front View of the AO13 - (110) alumina surface 
 
 
 
  
 
Figure 4.7 b) Side View of the AO13 - (110) alumina surface 
 
 
 
  
 
Figure 4.7 c) Top View of the AO13 - (110) alumina surface 
(O:Red, N:Blue, C:Cyan,Al:White, S:Yellow and Al atoms of first layer: Light Blue) 
 
 
  
4.5. AO86 
AO86 has threonine, proline, serine, threonine, threonine, arginine and glutamine 
(five polar, one charged, one non-polar), (Figure 4.11). The peptide is standing on 
three pods: two threonines and one glutamine are binding amino acids for (001) 
surface of alumina. All binding groups of the peptide are located on oxygen atoms. 
OH groups of threonines and NH2 of glutamine side chain seem important for 
binding (Figure 4.9, Table 4.5). 
Table 4.3 Binding Groups of AO13 
AO13 Binding Groups and Their Distances 
(Å) to surface Al Atom  
T C1O(C→3.89, O→3.52)  
C2H (C→4.47) 
C3H (C→3.72) 
C4H3 (C→3.55) 
OH (O→3.88) 
P N→ 3.74 
C1O(C→4.54) 
C2H (C→4.04) 
C3H2 (C→3.65) 
C4H2 (C→3.76) 
C5H2 (C→4.06) 
L NH(N→3.98) 
C1O(C→5.04) 
C2H (C→4.97) 
C3H2 (C→4.06) 
C4H(C→4.20) 
C5H3 (C→4.11) 
C6H3 (C→4.95) 
N NH(N→4.05) 
C1O(C→3.73, O→3.40)  
C2H (C→3.97) 
C3H2 (C→3.42) 
C4→3.63 
NH2(N→4.01) 
O→3.94 
P N→ 3.95 
C2H (C→4.23) 
C3H2 (C→3.99) 
C4H2 (C→3.98) 
C5H2 (C→3.99) 
 
  
 
Figure 4.8 a) Front View of the AO14 - (110) alumina surface 
 
Figure 4.8 b) Side View of the AO14 - (110) alumina surface 
  
 
Figure 4.8 c) Top View of the AO14 - (110) alumina surface 
(O:Red, N:Blue, C:Cyan,Al:White, S:Yellow and Al atoms of first layer: Light Blue) 
 
Table 4.4 Binding Groups of AO14 
A014 Binding Groups and Their 
Distances (Å) to surface Al Atom 
L NH(N→5.32) 
C1O(C→4.93) 
C2H (C→4.20) 
C3H2 (C→3.59) 
C4H(C→3.97) 
C5H3 (C→4.08) 
C6H3 (C→3.76) 
P N→ 4,90 
C3H2 (C→5.03) 
C4H2 (C→3.84) 
C5H2 (C→3.53) 
H C3H2(C→3.72) 
C4→3.70   
C5H(C→3.53)  
NH (N→3.30)  
C6H (C→3.36)  
NH+ (N→3.53) 
T C3H (C→4.39) 
C4H3(C→3.88) 
OH(O→3.48) 
 
 
  
4.6. AO345 
AO345 is composed of serine, valine, threonine, glutamine, asparagine, lysine and 
tyrosine (five polar, one charged, one non-polar) (Figure 4.11). Threonine, 
glutamine, lysine and tyrosine are binding amino acids; charged group of lysine and 
all polar groups of these amino acids interact with the surface. All binding groups of 
threonine are found to locate themselves in grooves formed by aluminium atoms. At 
the glutamine side chain, O atom is located on the surface Al atom whereas N atom 
gets into the groove. Lysine also lies down through a groove. Two of the carbon 
atoms of tyrosine are on the Al atom, and OH group is in groove. Almost all atoms of 
binding amino acids are close to the surface (Figure 4.10, Table 4.6).  
Table 4.5 Binding Groups of AO86 
 
 
 
 
 
 
 
 
 
 
AO86 Binding Groups and Their Distances (A°) 
to surface Al Atom  
T C1O(C→3.64, O→3.19)  
C2H (C→4.04) 
C3H (C→3.88) 
C4H3 (C→3.57) 
OH (O→4.03) 
T NH(N→3.65) 
C1O(C→4.04, O→3.34)  
C2H (C→3.77) 
C3H (C→3.97) 
C4H3 (C→3.63) 
OH (O→4.03) 
Q C4 H2(C→3.90) 
C5→3.47 
NH2 (N→3.80) 
O→3.42 
  
 
 
Figure 4.9 a) Front View of the AO86 - (001) alumina surface 
 
 
 
Figure 4.9 b) Side View of the AO86 - (001) alumina surface 
 
 
 
 
  
 
Figure 4.9 c) Top View of the AO86 - (001) alumina surface 
(O:Red, N:Blue, C:Cyan,Al:White, S:Yellow and Al atoms of first layer: Light Blue) 
Table 4.6 Binding Groups of AO345 
A0345 Binding Groups and Their Distances (A°) 
to surface Al Atom 
T C1O(C→3.89, O→3.34)  
C2H (C→4.09) 
C3H (C→3.77) 
C4H3 (C→3.47) 
OH (O→3.63) 
Q NH(N→3.61) 
C1O(C→4.48, O→4.06)  
C2H (C→3.93) 
C3H2 (C→4.43) 
C4H2 (C→3.69) 
C5→3.60 
NH2 (N→3.36) 
O→4.43 
K C1O(C→5.07)  
C3H2 (C→4.84) 
C4H2 (C→3.54) 
C5H2 (C→3.89) 
C6H2 (C→3.72) 
NH3+(N→4.58) 
Y NH(N→4.24) 
C2H (C→4.80) 
C3H2 (C→3.87) 
C4→3.63 
C5H (C→3.49) 
C6H (C→3.41) 
C7→3.45 
C8H (C→3.58) 
C9H (C→3.66) 
OH (O→3.73) 
  
4.7. Comparison of Sequences 
In this study, two crystallographic surfaces were used and for each of them two 
peptide sequences were investigated: AO13 and AO14 for (110) and AO86 and 
AO345 for (001).  
We compared AO13 and AO14 sequences as a strong and a weak binder 
respectively. Table 4.2 shows that AO13 binds tighter than AO14. When their amino 
acid sequences are compared, it can be seen that there are no significant differences 
between them. They were selected randomly for (110) surface binding. They both 
have seven amino acids (three polar and four non-polar in AO13: two polar, one 
charged and four non-polar in AO14); so, no conclusions can be reached about 
binding affinity of these sequences without further experiments or computational 
calculations. Although Whaley et al. (2000) observed that strong binder has more 
polar amino acids in their experiments, for the randomly selected peptides polar 
amino acid containing sequence do not bind the surface tightly. 
 
 
 
 
Figure 4.10 a) Front View of the AO345 - (001) alumina surface 
 
 
  
 
 
 
Figure 4.10 b) Right Side View of the AO345 - (001) alumina surface 
 
 
 
 
 
 
 
Figure 4.10 c) Top Front View of the AO345 - (001) alumina surface              
(O:Red, N:Blue, C:Cyan,Al:White, S:Yellow and Al atoms of first layer: Light Blue) 
  
Type of the binding amino acids may be responsible for specific binding. For 
peptide-surface interaction, general assumption is that polar groups may be important 
for peptide binding to surface (Whaley et al. 2000, Sarikaya et al. 2003, Ören et al.  
2005). The binding may be a result of the interaction between partially negatively 
charged atoms on the peptides and positive atoms on the alumina and vice versa. 
AO13 has threonine and asparagine as polar amino acids. Oxygen and nitrogen 
atoms in their polar groups may interact with the aluminum atoms, and hydrogen 
atoms in the same groups may interact with the oxygen atoms of the surface. AO14 
has two polar binding amino acids: threonine and histidine. But the interactions of O 
atom of threonine and N atoms of histidine of AO14 with the surface are not enough 
to bind as strong as AO13.  Although AO14 polar groups are closer to the surface, 
only polar binding groups close to alumina can not provide strong binding. Location 
and orientation of polar groups may affect the binding. O and N atoms in AO13 are 
between the Al rows, the distances to two Al are almost identical. 
If these groups are really essential for binding, their distances to the surface atoms 
and the number of the surface atoms they interact with may be important for binding. 
Presence of polar groups of the peptide in between two surface Al atoms may force 
these groups to interact with both of the Al atoms so that the position of the O and N 
groups on surface may increase the binding stability hence the binding energy of 
AO13 compared to AO14.  
At first glance, the main differences are the number of the binding amino acids. 
AO13 has more binding amino acids and those five binding amino acids do hot have 
any non-binding amino acids between them. When binding amino acids are together, 
not only their side chains but also main chains can reach the surface and may 
increase the affinity. Polar amino acids are first and third amino acids among pods. If 
they provide strong binding, their presence at both sides of the peptide might force 
non-polar amino acids to draw near the alumina surface and might increase the 
binding strength. On the other hand, AO14 binding amino acids are separated by two 
groups by a non-binding amino acid and also only one of these two groups has polar 
amino acids, the other group is formed from non-polar amino acids. Therefore, the 
position and the distribution of the polar and non-polar amino acids of binding amino 
acids may be important for the strength of the binding. 
 
  
 
 
AO13 TPLNPGT 
 
        
 
 
 
AO14 TLPLHTP 
 
        
 
 
 
AO86 TPSTTRQ 
 
       
 
 
 
AO345 SVTQNKY 
 
       
 
 
 
 
Figure 4.11   Peptides and Binding Amino Acids Red letters illustrate binding amino 
acids. (Non-polar: Orange, Polar:Green, Basic:Blue) 
Besides polar side chains, AO13 has more O and N binding groups that are in main 
chain of the peptide. Additionally, the higher number of C atoms in binding groups 
may be more effective which has not been observed formerly. The total number of 
  
atoms (C, O, N) in binding groups seems more important than the presence of the 
polar side chains in binding amino acids. 
AO86 and AO345 have similar amino acid grouping: both of them have five polar, 
one charged, and one non-polar residue. AO86 has three polar binding amino acids 
and AO345 has four amino acids: three polar and one positively charged. High 
binding amino acid number (pod number) might increase the binding strength. AO86 
has less polar binding groups and total interacting atoms (C, O, N) compared to 
AO345. This may be the one of the main reasons of weak binding nature of AO86.  
It can be seen in Figure 4.7, 4.8, 4.9 and 4.10 that 3-D structure of the peptide on the 
surface affects binding characteristics of the peptide. Binding amino acids of both 
AO13 and AO345 (strong binders) lie down the surface perfectly so the contact 
points between the peptide and the surface increase. This may cause strong binding 
of these peptides.  
Although results of Sarikaya et al. (2003), Whaley et al. (2000) and Ören et al.  
(2005) revealed that the stronger binder has the more charged or polar functional 
groups, according to our current modelling results, more charged or polar functional 
groups containing peptides could be weaker binders.  We observed that even if the 
peptide has potentially binding amino acids (charged and polar), they can not be 
efficient enough to bind peptide to the surface in whole structure of the peptide.  
Therefore, the polar and charged groups are expected as responsible for non-covalent 
interactions between the surface and the peptide, the overall binding not only 
depends on presence of these groups but also structural complementarities among all 
amino acids and  inorganic surface topology, so the size and the shape of the non-
polar amino acids affect the strength of the binding.  
We can think that the peptides bind to the surface like an enzyme-substrate 
interaction. Sometimes, the mutation of amino acids other than the active side of the 
enzyme can cause the loss of function because of alteration in the 3-D structure of 
the molecule. Likewise, the changes of the non-polar amino acids in the peptide 
could cause the essential binding changes to a certain crystallographic surface. 
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5. CONCLUSION 
Genetically engineered polypeptides for inorganics (GEPI) have great potential to be 
utilized in bio and bionanotechnology.  Robust use of GEPI’s can only be possible 
through complete understanding of binding mechanisms of peptides to inorganics.  
Experimentally it is very difficult to determine the conformation of the peptide when 
it is bound to the surface, therefore, modelling of these peptides with desired 
inorganic materials provides not only possible peptide-inorganic system structure but 
also valuable insight to understand mechanism For this purpose, phage display 
selected alumina specific peptides were modelled on alumina surfaces using 
molecular mechanics calculations.  
According to the modelling results in vacuum, polypod structures of the peptides on 
alumina surface were observed. Each pod is responsible for binding to surface and 
their number, type and position determine the binding affinity of the peptide-surface 
system. The peptide that has more pods binds tighter to surface. Also, the presence of 
high number of binding groups in all pods increases the binding affinity. As a result, 
the three dimensional structure of the peptide determine strong or weak binding. On 
the other hand, peptide structure on alumina surface does not depend only on the 
amino acid sequences of the peptides, crystallographic structure of surface is also 
important for peptide structure. Surface topology forces peptides to form particular 
structures. Position and percentage of Al atoms on different alumina surfaces may 
change the binding affinity of peptides to different surfaces. We also found that 
charged and polar amino acids that are expected as the major components in binding 
are not enough for strong binding. Number of binding amino acids and binding 
groups may be more important than the polar or charged groups. 
This study can be only one drop of whole GEPI related studies and of course it is not 
enough to determine general principle of peptide-inorganics binding mechanisms. 
But more advanced and detailed studies are necessary for a complete understanding 
of recognition mechanisms and using GEPI’s in various areas in biotechnology. 
Therefore, different modelling strategies can be used in future. Developing more 
  
accurate force fields for peptides and metal atoms, more accurate structural results may 
be obtained.  The other element which is present in experimental conditions and is not 
present in our preliminary computational study is the effect of the solvent water. It can 
be expected that water mediated hydrogen bonds are the main possible non-covalent 
interactions between the peptide and the surface, therefore this effect should also be 
investigated for better results to explain the binding mechanism. Molecular dynamic 
calculations can be used to observe the effect of water on peptide-inorganic binding. The 
other alternative for peptide- surface system is QM/MM. Quantum mechanical 
calculations are not appropriate in terms of time for peptide-surface system modelling. 
In QM/MM calculations, regions where interactions are expected can be calculated by 
quantum mechanics, other atoms can be calculated by molecular mechanics to reduce 
the computational time compared to the full quantum mechanical calculations. 
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